The lens is formed from two protein superfamilies, the a-and 13'Y-crystallins. 
The molecular complexity underlying vision is encapsulated within well-ordered and distinctive morphological features. Now that mapping and sequencing the human genome is well under way, there will be rapid advances in understanding how such specialised systems function when all the protein components are defined. It is already known that almost every gene preferentially expressed in photoreceptors has mutations associated with retinal cell degeneration, 1 thus giving ophthalmology a crucial role in gene discovery. It is possible that mutations in any of the approximately 14 crystallin genes expressed in the lens could result in childhood cataract. However, it is the special feature of the lens whereby crystallins are made and then retained throughout life that makes cataract mainly a problem of ageing of many normal, non-renewable proteins.2 CHRISTINE SLINGSBY, NAOMI J. CLOUT Protein-protein interactions are at the heart of the biophysical properties of crystallins as it is their concentration that provides both the refractive power of the lens and its transparency.3,4 The crystallins, enclosed within the well-organised lens fibre cells, have to survive the life-span of the organism and so must be stable. Yet with age they lose solubility when there is little protein machinery around for their disposal. Loss of solubility and stability of the a, 13 and 'Y-crystallins by any means can lead to light scattering and cataract.s
The a-crystallins are very large oligomers assembled from around 40 copies of two types (A and B) of sequence-related 20 kDa subunits. 6 The C-terminal lOO residues of these subunits are related to the small heat-shock proteins and examples of this ' a-crystallin domain fold' are found throughout the kingdoms of life. The J3-crystallins are also oligomeric but more complex, in that they can consist of up to seven sequence-related polypeptides ranging in size from approximately 20 to 30 kDa. The 'Y-crystallins are a family of 21 kDa monomeric proteins and they share around 30% sequence identity with the J3-crystallins. Representative three-dimensional crystal structures are f
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available for all these classes 0 protems.'
The J3'Y-crystallin domain fold
All the 13-and 'Y-crystallin genes encode polypeptides that fold into two similar domains and each domain folds into two similar Greek key motifs. In J3-crystallin genes the motifs are encoded in separate exons while in 'Y-crystallins exons code for whole domains.8 Each Greek key motif consists of around 40 amino acid residues that fold into four consecutive anti-parallel l3-strands, known as a, b, c and d strands (Figs. 1, 2 ). Two consecutive Greek key motifs are intercalated in a symmetrical way about an approximate dyad to form a wedge-shaped J3-sheet sandwich filled with hydrophobic side chains (Fig. 2) . The amino acid sequence encodes critical basic architectural features that allow this domain to fold. For example, the tertiary domain fold is stabilised by two folded hairpin loops (formed from residues between a and b strands in each motif)' that require glycine and serine residues at critical positions of the fold (Figs. 1, 2) . Each domain has one tyrosine corner that is present only in the second motif showing how the (3-strands (thick arrows) of Greek key motifs 1 and 2 are intercalated to form a wedge-shaped domain from a pair of stacked (3-sheets, drawn using the program SETOR. 5 1 The loop between the a and b strands forms a folded (3-hairpin structure and is dependent on the conservation of a glycine (within the hairpin) and a serine (on the d strand) in each motif. Tyrosine 62 from the tyrosine corner of motif 2 has been appended.
( Figs. 1, 2 ). Point mutations to these highly conserved residues that maintain this fold are likely to destabilise the domain structure or prevent it from folding at all. An unfolded domain will aggregate randomly to form light scattering centres.
The monomeric 'Y-crystallins
The three-dimensional structures of 'Y-crystallins reveal the next level of assembly of the single domain fold. In 'Y-crystallins the N-and C-terminal domains from the same polypeptide chain associate with each other in a symmetrical way. Domain pairing is driven by a patch of hydrophobic residues on the surface of each isolated domain and these get buried in the interface between domains (Fig. 3) . The symmetry is important because it means that both hydrophobic patches are equally buried. The specific orientation of the domains is facilitated by a set of surrounding polar interactions, that includes conserved glutamines 54 and 143 in motifs in 2 and 4 ( Figs. 1, 3 ). Protein engineering experiments have been performed to probe some of the sequence determinants of this two-domain assembly. When the X-ray structure of the first 'Y-crystallin was determined, it was recognised that the protein most probably evolved from a gene coding for a single domain that subsequently duplicated and fused, as was also suggested by the presence of an intron in the linker region. Protein-engineered single domains do not associate into a dimer of domains (like 'Y-crystallin) at low protein concentration, showing that the linker enforces a local concentration that favours higher assembly.9 When the single C-terminal domain structure of "iB-crystallin was solved a remarkable finding was the sensitivity of the symmetrical assembly to the C-terminal extension. 1 0 All "i-crystallins have a short C-terminal extension that crosses back to the N-terminal domain (Fig. 4a) . When the engineered "iB C-terminal domain retains the intact C-terminal extension, then the single domain molecule is barely soluble. The crystal lattice structure shows that higher domain assembly is now driven by interactions that bury the hydrophobic C-terminal extension in a 'head to tail' manner that prohibits symmetrical 'head to head' domain pairing of the hydrophobic domain patch. Removal of just the one C-terminal tyrosine residue ( The N-and C-terminal domains of a [3B2 polypeptide are separated from each other as the linker peptide is extended. The dimer is formed by the N-terminal domain of one subunit interacting with the C-terminal domain from a second subunit, while the C-terminal domain of the first subunit interacts with the N-terminal domain of the second subunit. The two sets of paired domains in the f3B2 dimer have identical interfaces, and use the topologically equivalent residues to '{-crystallins (Fig. 3) . Domain swapping thus creates a four domain assembly, equivalent to two '{-crystallin molecules. Only a few residues of the N-and C-terminal extensions are visualised in the crystal structure, the remainder are disordered in water channels in the crystal.
The family of 'Y-crystallins can be divided into three groups. Expression of early genes 'YE and 'YF results in the corresponding proteins forming the bulk of the fetal nuclear region of the adult lens. 'YB and 'YC genes are switched on for longer and the corresponding proteins occupy a more intermediate region of the lens, while 'YS is only expressed after birth and so this protein is restricted to the cortical region. The human 'YE and 'YF genes harbour early stop codons12 and are fortunately not expressed, as the corresponding severely truncated 'Y-crystallin polypeptides would not be able to fold. Solubility studies have shown that the early proteins readily phase separate, causing cold cataractY It is thought that this behaviour reflects their facility for tight packing and so is a structural feature associated with forming high refractive index gradients. Analyses of several X-ray structures of 'Y-crystallins indicated that arginine-containing ion-pairs played a role in this behaviour.14 The reliance of humans on accommodation has necessitated a softer lens and this may explain why our early 'Y-genes have been effectively switched Off.IS 'YS-crystallin does not phase separate and this may be due to the much lower levels of arginine.
There are subtle sequence differences between 'YS and the other 'Y-crystallins in the domain interface region that may be reflected in the lower thermodynamic stability or altered biophysical properties of 'YS-crystallin. Non covalent domain pairing is found in the crystal lattice structures of an engineered single N-terminal domain of 'YB-crystallinI6 and an engineered C-terminal domain of 'YS-crystallin,17 but in both cases the symmetry was different from that seen in native 13'Y-crystallin structures. Conversely, when point mutations were made to a key hydrophobic residue at the interface in two-domain 'YB-crystallin, then the symmetry of domain pairing was preserved, although the stability of the whole molecule was reduced.Is
The oligomeric l3-crystallins
f3-crystallin dimers and tetramers
There are six l3-crystallin genes and they differ from 'Y-crystallins in having long N-terminal sequence extensions. IS They have been divided into groups that are called basic (B) and acidic (A), although the key sequence differences are based on group-specific domain insertions and the possession of long C-terminal extensions in basic l3-crystallins. I3-Crystallins have very similar domain structures to 'Y-crystallins (Fig. 2) . The X-ray structure of I3B2-crystallin showed how at least the basic branch of this family formed oligomers. 19 The trick was to use the same domain interface as the 'Y-crystallins, but to exploit the symmetry so that a two-domain assembly was changed into a four-domain assembly, by changing the conformation of the linker and allowing domains to swap partners between two molecules (Fig. 4b) . Protein engineering experiments are trying to decipher the exact sequence rules that specify intramolecular versus intermolecular domain pairing?O-22 It is to be noted that all l3-crystallin
Although I3B2-crystallin is a dimer in solution, in the highly concentrated environment of the crystal lattice the dimers associate into symmetrical tetramers (Fig. 5) . A new face on the subunits of the dimer is buried in the new interface inside the tetramer.
The X-ray structure of I3B2 dimer was intriguing in that the last observed residue in the X-ray structure at the C-terminal extension was close to the first observed residue at the N-terminus (Fig. 4b) . This suggested that if these sequence termini were joined and the linker were cut, then a molecule like 'Y-crystallin might be formed. In other words, circularly permuting the domains, equivalent to domain/ ex on shuffling at the genetic level, might swap the domains back to intramolecular pairing. When such a molecule was created by protein engineering, the molecule remained a dimer in solution?4 However, when the X-ray structure was solved, 'Y-crystallin-like domain pairing was observed,2s and two such molecules formed a four-domain assembly identical to the top half of a I3B2 tetramer (Fig. 5) . When protein engineering creates new assemblies by simply changing the connections of folded domains, it is tempting to suggest that they also occur naturally. This has led to the hypothesis that acidic I)-crystallin homodimers may in fact resemble the circularly permuted I)B2 structure that evolved by exon shuffling.
Higher oligomers
The several I)-crystallin polypeptides in the cortical region of calf and adult bovine lens can be separated on gel filtration into three size classes, of which the smallest size is a dimer. Although purified I)B2, I)B3 or I)A3 have been shown to be homodimers in dilute solution, in the lens fractions they mainly occur as heterodimers and higher oligomers?6 In both human and bovine lenses, the bulk of the I)-crystallin polypeptides are full-length only in young lenses. Truncation of I)Bl and I)A3/ Al begins early in life?7,28 It has long been known that almost full length 1)B1, the longest I)-crystallin, is essential for assembly of the I)H-crystallins. More recent data have shown that severely truncated 1)B1 polypeptides are present in the lower-molecular-weight I)-crystallin oligomers, indicating that it is the N-terminal extension of I)Bl that is key for the highest assembly?9 Thus the lens can regulate the size distribution of the I)-crystallin oligomers by either differential gene regulation of I)Bl synthesis or by its post-translational truncation. The X-ray structures of I)B2, solved in three different crystal lattices, show that its higher assembly is based on a tetramer structure. Hypothetical models have been proposed for I)H-crystallin based on dimer-tetramer or tetramer-tetramer interactions.s One of the I)B2 crystal lattice structures showed the N-terminal extension of I)B2 mediating tetramer-tetramer interactions?O One of the major structural questions to be addressed is the precise role of the sequence extensions in the various I)-crystallin assemblies, and from there to ascertain the structural consequences of their natural truncations by enzymes during lens development.
Origins of crystallins
Knowledge of these structures has revealed much about the evolutionary origins of crystallins, which in turn can illuminate the present-day functional role of crystallins in the eye lens. The lens I)')I-crystallins have evolved or been recruited from ancient proteins, with their relatives turning up in unexpected places?l A two-domain monomeric version is found in a prokaryote and a one domain molecule in a slime mould?2 In the human genome a close relative of I)-crystallins was found called Aiml, for i!bsent in melanoma; it comprises 12 Greek key motifs and can be modelled as a domain-swapped trimer?3 As more complete genomes are sequenced it may be possible to trace more relatives and establish context-specific functions for crystallin domains, perhaps confirming the idea that modern members of the �'Y-crystallins have evolved in the cellular response to changes in morphology.33 Non-lens expression of ')IS-crystallin, in cornea and retina, increases with age in young mice, suggesting it may be a general stress protein for the eye?4 ex-Crystallin and small heat-shock proteins ex-Crystallin is thought to function in the lens as a molecular chaperone by binding and stabilising early unfolding intermediates of other crystallins.3s Recently the three-dimensional structure of a distantly related small heat-shock protein from the kingdom of the archea has been solved? The crystal structure shows that the C-terminal 'ex-crystallin domain' folds into two I)-sheets, so that superficially it resembles the I)')I-domain fold. However, the topology of the way the strands are organised is different and so it is unlikely they share a common ancestral origin. Pairs of the small heat-shock domains are woven together as one of the I)-sheet strands is intercalated into the I)-sheet of the partner domain, suggesting that the basic assembly unit is a dimer. These dimers further associate into a tetramer of dimers, which are further organised into trimers, with a total of 24 domains arranged into a sphere with cubo-octahedral symmetry. The sphere is pierced by several small windows and encapsulates a central cavity 65 A in diameter. The N-terminal part of the polypeptide chain is invisible and presumed disordered inside the central cavity. This tightly bound oligomer functions as a molecular chaperone.
Previous multi-sequence alignments of all known members of the ex-crystallin/ small heat-shock family had predicted quite accurately the regions of the sequence which formed l)-strands,6 and the actual topology of the I)-sheets had been correctly predicted to be immunoglobulin-like.36 It is very likely that the C-terminal domain of ex-crystallin will fold in a similar way. It is less certain how the higher assembly of ex-crystallin will compare with this archea structure. The average mass of ex-crystallin oligomers requires more than 24 subunits, and also requires a mechanism for generating a wide range of multimers of different sizes. What is fascinating about this small heat-shock protein structure is the observation that much of the disordered N-terminal domain is on the inside of the sphere, while in a plant small heat-shock protein, denatured substrate coats the outside?7
Cataract: mutations A few inherited cataracts in humans and mice have now been mapped to crystallin genes?8 In order to interpret the effects of these mutations it is important to establish how much damaged protein is expressed and at what stage of lens development. Presumably if large amounts of unfoldable proteins are produced they will overwhelm the proteolysis machinery. The downstream effects of damaged protein on the viability of the lens cells at different stages of development are unclear. If the end result is no damaged protein in the cell, then the pure effect of a missing crystallin can be evaluated.
Hereditary human 'Coppock-like' cataract affects the central part of the lens formed during embryogenesis. A cluster of sequence changes was found in the vicinity of the promoter region of the pseudogene for 'YE-crystallin which may result in its reactivation?9 The pseudogene has an in-frame stop codon12 and reactivation would result in high expression of an early protein truncated after GIn 54 in the middle of the b strand of motif 2 (Fig. 1) . Such a protein will not fold and would lead to aggregation and precipitation. A mutation in human crystallin �B2, a gene that is highly expressed in the adult lens, caused autosomal dominant cerulean cataract with peripheral concentric opacities and occasional central radial lesions.4o An affected homozygote had a single base change that created a stop codon in place of GIn 135, causing the polypeptide to be shortened by 51 residues (Fig. 1 ). If such a truncated molecule is highly expressed, it is possible that the N-terminal domain might fold, but the C-terminal domain will not. Removal of such a large chunk of the polypeptide would prevent the first motif of the C-terminal domain from folding, leaving a piece of peptide without the ability to bury its hydrophobic side chains in a regular way. It is expected that such a disabled molecule would self-aggregate. As normal �B2 is a subunit component of the majority of �-crystallin oligomers, suggested to have a solubilising role,41 the knock-on effects of a disabled or absent molecule could be quite broad. Aggregating mutant �B2, or destabilised �-crystallin assemblies, may disrupt other �'Y-crystallin molecules, perhaps over-burdening the chaperone capacity of a-crystallin. An autosomal dominant congenital cataract has also been mapped to the gene for aA-crystallin.42 A missense mutation replaces arginine with cysteine in a conserved position equivalent to the seventh �-strand of the archea a-crystallin-domain structure.
An abnormal �B2 polypeptide chain has been found in the Philly mouse, a strain with an inherited cataract. 43 This results in the last �-strand of the C-terminal domain having an inappropriate sequence, including a bulky hydrophobic side chain in the position of the conserved serine of the fourth Greek key motif (Fig. 1) . �B2 from the cataractous lens was found in the heavy-molecular weight aggregates rather than the normal �-crystallin oligomers. 44 The mouse mutant Elo results in small eyes. The mutation appears to affect only the central fibre cells in early development and maps close to the early 'YE-crystallin gene. 45 There is a single base pair deletion that would give rise to a truncated polypeptide in which the fourth Greek key motif was replaced by an eleven residue extension of a different reading frame. As two Greek key motifs are required to form a domain, such a mutated protein would not be expected to fold properly and would be insoluble, sticking to other proteins in a random way.
A recent knock-out experiment linked connexins of gap junctions with a cytoplasmic crystallin. 46 Gap junction channels consist of two hemichannels called connexons located in the plasma membrane of two adjacent cells. Each connexon is composed of six subunits called connexins. Two connexins are co localised in lens fibre gap junction plaques (a3 (Cx46) and as (Cx50)). Disruption of the connexin 46 gene in mice led to a loss of protein solubility, proteolysis and nuclear cataract similar in morphology to human senile cataract. Nuclear 'Y-crystallin was cleaved in the N terminal domain at a site consistent with the involvement of apoptopic proteases (Fig. 6a) . A human autosomal dominant 'zonular pulverulent' cataract has been mapped to the gene coding for connexin 50, resulting in the substitution of serine for a conserved proline. 47 The connexin story shows how defects in a membrane lens protein can cause quite unexpected damage to cytoplasmic crystallins and gives hints as to the role of apoptosis in damaged cells.
Cataract: modifications
Cataract is mainly a problem of old age and so it is important to assess the effects of post-translational modifications on the long-lived crystallins. Global analyses of crystallin cleavage, oxidation and deamidation. as a function of age, are currently under way using electrospray mass spectrometry and highly resolving two-dimensional gel electrophoresis?7.28,48 Specific cleavages, particularly in the [3-crystallin N-terminal extensions, have already been shown to occur in the early stages of lens development, with the levels of truncation increasing with age. In the case of [3Bl, extensive truncations are associated with changes in oligomer size, and the truncated proteins remain in the water-soluble phase. Nearly all the water-soluble human crystallins from the adult lens have been subjected to deamidation resulting in more acidic proteins?8 As there is a gradual increase in water-insoluble proteins with old age, similar analyses are required on these more difficult proteins.
Looking at the X-ray structures, truncation of the sequence extensions is the sort of change that might alter solubility /interaction properties of [3-crystallins. Cleavages in the connecting peptide, leading to unpairing of domains, has already been shown to result in dramatic changes in solubility in the case of bovine '{B, in line with the observations of cleaved domains of human '{D found in cataract. The consequences of deamidation are likely to depend on location. Many changes would not be expected to destabilise the structure, but may affect solubility. Deamidation of extremely conserved glutamines, such as the topologically conserved GIn 54 and GIn 143 in motifs 2 and 4, which provide specific hydrogen bonds that help grip the two domains together (Fig. 3) , may perturb domain pairing.
The [3,{-crystallins are rich in sulphydryl groups and these are distributed both in the cores and on the domain surfaces. 5 The surface cysteines may oxidise with other molecules and contribute to the formation of large complexes of diminished water solubility. Intramolecular oxidation could be relatively harmless, as in the observed disulphide bridge between eys 18 and eys 22 (Fig. 6a) in bovine '{B-crystallin. 49 The major human ,{-crystallins, '{e and '{D, do not have such a pair although human '{S does. [3B2 has a cysteine at a position topologically equivalent to eys 22, but the only other one is at a position equivalent to eys 50 (Figs. 1, 6b) . Intramolecular disulphide formation of these cysteines would be expected to disrupt the structure. Our crystal structures show that these cysteines in [3B2 have formed mixed disulphides with low-molecular-weight reducing agent. These cysteines, however, form an intramolecular disulphide bond in nuclear cataract compared with an age-matched normal lens of a 60-year-old. 50 It is not known whether this molecular oxidation was the initiating event leading to a disrupted molecule or whether other events denatured the molecule first and subsequently led to oxidation.
